Abstract-Experimental results are presented for studies of low (2-20 kHz) and intermediate-frequency (20-100 kHz) oscillations in crossed-field closed electron-drift Hall discharges. Conditional sampling using two electrostatic probes is used to identify and extract properties of coherent structures associated with the propagation of azimuthal and longitudinal instabilities within the discharge channel. The azimuthal component phase velocities are determined for a wide range of wave frequencies and over characteristic regimes of operation of these devices. A variety of propagation modes are observed and analyzed, including the appearance of an induced mode due to the presence of the probes themselves. This later result is believed to be the first direct evidence of how fluctuations can be influenced in these Hall discharges using relatively simple actuation methods.
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I. INTRODUCTION
C LOSED ELECTRON-DRIFT Hall discharges are low-pressure -Pa , weakly collisional, magnetized plasma sources that generate a relatively high velocity ion beam suitable for use in space propulsion applications. A particular class of Hall plasma thrusters, the so-called "stationary plasma thruster," has been used in a number of space missions in the former Soviet Union [1] . A variation of this Hall thruster that has an annular (coaxial) discharge channel 100 mm in diameter, the SPT-100, has a high specific impulse (1100-2000 s), operates at moderately high thrust levels (55-150 mN), and has an exceptionally high thrust efficiency (40%-60%). Because of this performance, this plasma source is now being aggressively developed for use in station-keeping applications on western satellites.
In a typical coaxial geometry Hall discharge ( Fig. 1) , the plasma is sustained in imposed orthogonal electric and magnetic fields. The discharge electrons, a large fraction of which are emitted by an external cathode, are magnetized, whereas the more massive propellant ions, usually xenon, are not. Consequently, the electrostatic fields established by the retarded electron flow accelerate the ions to high velocities, typically 50%-60% of the discharge voltage -V . The maxManuscript received October 17, 2000 ; revised February 9, 2001 . This work was supported by the Air force Office of Scientific Research. The work of N.B. Meezan was supported through a National Defense Science and Engineering Graduate Fellowship. Additional support for E. Chesta was provided by the Politecnico di Torino, Italy, and by the Ecole Centrale Paris, France, through the Top Industrial Managers for Europe program.
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Publisher Item Identifier S 0093-3813(01)06495-5. imum acceleration occurs in the region between the magnetic poles, where the magnetic field is a maximum. In a coaxial geometry, the electrons are constrained to move in the closed, azimuthal drift, with cross-field diffusion providing the necessary current to sustain the discharge. An annular ceramic channel confines the electron flow toward the anode, located at its base.
It is widely known that the Hall discharge plasmas exhibit a rich spectrum of fluctuations in plasma properties [2] . While it is not yet known if and how these fluctuations can impact the performance of a Hall thruster, it is believed that fluctuations in the bulk plasma properties are partly responsible for anomalous electron transport across the imposed magnetic field [3] . While some studies characterizing the presence and origin of these fluctuations and their possible control were published in the mid 60s to mid 70s [3] - [9] , they have received increased attention recently [10] - [15] as there is a growing need to extend and enhance the performance of these thrusters for a broader range of space missions.
Our research is motivated by the possibility of enhancing Hall thruster operation by the active control of these fluctuations, or by the passive suppression of the fluctuations in regions of the discharge channel where a reduction in electron current is desired. To do so, it is important that the nature of these fluctuations is adequately understood. In this paper, we present an 0093-3813/01$10.00 ©2001 IEEE experimental characterization of the propagation of these disturbances over a range of Hall discharge operation, and demonstrate that it is possible to affect the oscillations within the discharge by the insertion of biased probes.
II. EXPERIMENT
The Hall discharge plasma source used in this study is a laboratory version of a low-power Hall thruster, and is described in more detail in previous papers [16] - [18] . This particular source is intended to be used as a test bed for studying the discharge physics, and not to serve as an operational prototype plasma accelerator, although the principal design is similar to that used in practice. The time-averaged plasma properties within the annular discharge channel have been extensively characterized for a range of operating conditions [16] . The source consists of an annular alumina channel, 90 mm in diameter, 11 mm in width, and 80 mm in length. A magnetic circuit consisting of four outer coils, one inner coil, and three iron plates provides a magnetic field (mostly radial in direction) peaked near the exit of the discharge channel, as shown in Fig. 2 . The mapping of the axial and radial components of the magnetic field strength within the channel is performed with a Hall probe in the absence of the plasma. The radial component of the magnetic field is found to drop off by approximately 15% at the inner and outer walls of the acceleration channel. Details of the two-dimensional (2-D) magnetic field distribution for magnet currents used here can be found in [18] . A hollow stainless steel ring with 32 holes of 0.5-mm diameter serves both as the anode and the propellant (gas) input of the discharge. A commercial hollow cathode (Ion Tech HCN-252) is used to neutralize the resulting ion beam and provide the necessary electron current to sustain the discharge. The cathode is mounted such that its exit aperture is approximately 2-cm downstream of the plasma source exit. The cathode body was kept at the vacuum chamber ground potential. During discharge operation, the 1-m diameter by 1.5-m-long chamber within which the discharge was operated was maintained at a pressure of torr (uncorrected for xenon), as indicated by an ionization gauge. Flanged elbows (0.5 m in diameter) at each end of the vacuum chamber supported two 0.5-m diameter diffusion pumps, operated without baffles, for maximum pumping speed (approximately 6000 l/s).
For the measurements reported on here, the xenon flow rate was 2 mg/s, and a constant solenoid winding current of 125 mA provided a peak magnetic induction of about 100 G at 5 mm upstream of the exit plane (inside the channel). The characteristics of the plasma fluctuations on centerline within the channel were studied at various discharge potentials.
Plasma density fluctuations were detected by two azimuthally placed low-impedance Langmuir probes biased negatatively with respect to the plasma potential to collect the ion saturation current, with the current density given as [19] (1) where electron temperature; electron number density; xenon ion mass; electron charge; Boltzmann constant. In (1), it is assumed that the distant plasma is quasi-neutral , and that the ions enter the collisionless sheath at the Bohm velocity. While the fluctuations in collected current can be a result of both fluctuations in electron density and temperature, in prior studies, it has been shown that these low-frequency disturbances at low-operating potential are largely isothermal [3] , [7] .
A schematic of the Langmuir probe construction is shown in Fig. 3 . The exposed part of the probe consisted of a 0.254-mm diameter, 3-mm long tungsten wire. The base of the probe was of a complex design, intended to minimize stray capacitance for extended frequency response. The probe base consisted of an alumina tube directly surrounding the tungsten wire (0. 508-mm ID, 1.27-mm OD), followed by a stainless steel tube (1.48-mm ID, 1.58-mm OD), connected to the braided ground of a 50 coaxial cable. The inner tungsten wire was connected to the center pin of the coaxial cable. This outer stainless steel tubing served as a shield to isolate the extended probe base from disturbances other than at the tip of the probe. The stainless steel tubing was then surrounded by another alumina tube (1.6-mm ID, 2.3-mm OD) and the entire inside air spaces were potted with an alumina paste.
The probe size was minimized so as to reduce its overall capacitance, and for the studies reported on here, was approximately 10 cm in length. Coaxial transmission line feed-throughs provided the transfer of the probe signal through the vacuum chamber to a National Instruments DAQScope 5102 digital oscilloscope card operating at an 800-kHz sample rate. Data was stored on a personal computer for future processing. The probes were terminated with 50 at the input of the oscilloscope card. In this way, the probe tips were negatively biased (close to system ground) with respect to the plasma, which is predominantly at high positive potential, since the anode is maintained at a minimum of 86 V, and since the near exit plane potential is always greater than 40 V due to the cathode fall and finite electron temperature. Occasional scans of the Langmuir probe across the electron retarding regime to regions of high negative bias verified that system ground potential was always in the ion current saturation regime. The probes were oriented such that the exposed center wire axis was parallel to the axial coordinate of the thruster, and placed midway between the inner and outer insulating walls, as illustrated in Fig. 4 . Probe translation along the axial direction (the direction of the annular channel) was provided by a translation stage driven by a Slo-Syn stepper motor, powered and controlled by a Compumotor model SX Microstepping Drive/Indexer System. The azimuthal positions of the two probes were manually set before the beginning of each experiment, maintaining an equal angular distance from the two nearest outer magnetic coils. For this study, probe separations between 30 and 180 were examined. In most cases, the axial probe locations varied between a distance of approximately 35 mm from the anode mm and 10 mm beyond the exit plane mm , with the reference taken to be the exit plane of the discharge, and negative positions implying that the probe locations are inside the discharge channel.
A fast Fourier transform of the signal from each probe was performed across a temporal window that was 1.25 ms wide and spaced every 0.625 ms in time. This operation was used to convert the digital signal in the time domain into the frequency domain, for every temporal interval, over the length of the temporal data set (in some cases, 0.625 s long). To study the fluctuating component to the signals, the mean signal was removed (numerically) from the transient signal prior to its processing. A comparison of the mean signals, and the power spectrum from each of the two probes verified that the probes had equal sensitivities (to within ) and frequency responses. To avoid aliasing, only frequencies below 400 kHz (the Nyquist frequency, defined by the 800-kHz sampling rate used for all of the studies described here) were considered for interpretation. In the future, higher sampling rates will be used to better explore higher instability frequencies, since most of the probes used here were found to have a 20-dB cutoff of well beyond 1 MHz.
Typical current versus voltage -discharge characteristics, as monitored by digital multimeters, for the flow rates and magnetic field strength used for these studies is shown in Fig. 5 . In some cases, these mean values were verified by recording the discharge current oscillations with a differential amplifier placed across a 4-ballast resistor in the anode circuit. At the higher discharge voltages (e.g., V), the probes were seen to clearly affect the mean discharge current, perturbing it by as much as 20%-30%. During the collection of the data, the residence time of the probes within the channel was several minutes. Damage to the probes from ion bombardment precluded the collection of data beyond approximately 185 V. While it is difficult to say how the immersion of the probes into the plasma affected the spontaneous instabilities detected, we discuss later in the paper the clear presence of waves that are induced by the presence of the probes themselves within the discharge channel.
III. DATA ANALYSIS
The data collected by a single probe was cast to display threedimensional (3-D) renderings of the plasma density fluctuations, as shown in Figs. 6 and 7. The axial variation in the mean electron density for three operating conditions has been reported previously [16] , and is provided again here for reference (Fig. 8) . In Fig. 6 , the amplitude of the plasma density fluctuations are displayed verses operating voltage, for four axial locations 12.7 mm, 0 mm, 12.7 mm, and 25.4 mm. Prominent in these figures is the presence of strong, relatively low frequency disturbances in the range of 5-30 kHz, and a broader range of disturbances toward higher frequencies, at very low voltages downstream of and at the exit plane, and at high voltages upstream of the exit plane. Similar spectral maps have been reported for the behavior of discharge current oscillations in the Russian Stationary Plasma Thruster SPT-70 [15] .
In Fig. 7 , the Fourier component amplitudes of the plasma density fluctuations and the ratios of the amplitudes to the mean are displayed verses axial position for a range of operating voltages. We find that the fluctuations in the plasma density can be as high as the mean values. While it is apparent that the fluctuations are most intense near the exit plane, it is noteworthy that the relative fluctuations (amplitude of the fluctuations divided by the mean value) actually diminish in the region between mm and mm over a wide range of operating conditions. Note also that the broad-band fluctuations are concentrated at mm and beyond the exit plane at low voltages, but are damped in this spatial region at high voltages. This dramatic difference suggests that the nature of these high-frequency disturbances differ depending on the operating voltage.
A comparison of the response of two probes located at the same axial position, but separated by some angle on the azimuth, provides additional information on the nature of these disturbances. A cross-spectral analysis of the signals from the two probes provides a measure of their coherence, suggests the direction of propagation, and can be used to estimate the azimuthal phase velocity. The azimuthal phase velocity of the disturbances can be obtained from (2) where angular probe separation (in radians); channel radius; frequency; phase shifts of the individual probe signals; determined from (3) with and the real and imaginary components of the complex Fourier transform , respectively. The signals from the two probes were used to derive wave dispersion maps, rendered as the phase velocity verses wave frequency. In all cases, conditional sampling is employed, to isolate only the strongest correlated disturbances detected by the two probes, and we constrain the disturbances to propagate in the direction of the Hall current. Two examples of dispersion maps are shown in Fig. 9 , for a relatively low operating voltage (100 V) and an axial position of , and for a relatively high voltage (172 V) and a location just 12 mm beyond the exit plane. For these dispersion studies, the azimuthal probe separation was . Disturbances were considered only if the amplitude of the component on the first probe was at least three times its mean, and that on the second probe, within its mean and five times its mean. The condition imposed on the second probe allows for the possible damping of the wave or loss of intensity due to out-of-plane propagation.
Also drawn in the dispersion maps of Fig. 9 are lines corresponding to the azimuthal component phase velocities for the , , and azimuthal modes of the cylin- drical annulus. In general, we can express the azimuthal phase velocity for a tilted azimuthal mode as
Here, and are the component wavenumbers along the axial and azimuthal directions, respectively. We assume that , and is the integer azimuthal mode number. For a purely azimuthal wave, the axial wave number component is . For and condition, the oscillation wavelength is equal to the channel circumference, , where as it is one-fourth and one-twelfth the circumference for the pure azimuthal and modes, respectively. In the top frame of Fig. 9 , we also depict vertical lines corresponding to possible modes. For , the wave is longitudinal and the azimuthal phase velocity is infinite. In general, the observed natural disturbances can have both azimuthal and axial components, and can propagate with an angle , defined by (5) An examination of the dispersion maps, and comparison to the lines associated with the pure azimuthal mode suggests that some of these disturbances may be tilted out of the azimuthal plane (i.e., ). Indeed, for the modes shown in the top and bottom frames of Fig. 9 , a propagation angle of 15 and 20 , respectively has been used to best capture the trends seen for these disturbances. The strong low-frequency disturbances at also appear, however, to have a range in the possible propagation directions, preferring lower propagation angles at the lower frequencies.
IV. RESULTS DISCUSSION
A number of features are identifiable in the dispersion maps of Fig. 9 , attributed here to four or possibly five intrinsic instabilities, and an instability induced by the probes themselves. We shall discuss them here, some within the context of what has been seen experimentally in previous Hall discharge studies.
The most prominent mode seen at low voltages is that of a relatively strong, azimuthally propagating disturbance of frequency in the 5-10 kHz range, and of phase velocity -m/s, nearly equal to the critical ionization velocity of the xenon propellant. As mentioned above, that the data in this region departs slightly from the superimposed line line suggests that this disturbance lacks a unique tilt in its propagation vector, and that the propagation angle tends to increase slightly with increasing frequency. These waves are similar in their properties to those identified by Janes and Lowder [3] , and others [4] , [7] , as "rotating spokes," and are attributed to tilted ionization waves of still unknown origin, although the connection to the critical ionization velocity may be more than coincidental since an appropriate scaling is found when operating on different inert gases [3] . A second prominent mode seen at low discharge voltage is that associated with nearly purely axial modes at higher frequencies, a few of which are identified on the figure by superimposing vertical lines at characteristic frequencies. These modes will be more apparent on dispersion plots discussed later. While the behavior of these modes are consistent with an azimuthal mode, they could be higher order azimuthal modes that are propagating in the axial direction (the azimuthally spaced probes would not resolve this). These high frequency modes correspond to the nearly constant frequency bursts seen as intense horizontal striations in the low voltage (86 V and 100 V) spectral maps in Fig. 7 . It is noteworthy that these disturbances are relatively turbulent and broad-band, and they exhibit a curious power-law behavior in their spectral distribution. Fig. 10 displays the Fourier transform of the plasma density fluctuations for the 100 V and also 86 V cases, showing a characteristic power-law decay in the amplitudes at frequencies beyond 20 kHz (indicated by the dashed line in the figures). It is natural at first to suspect that these turbulent, longitudinal disturbances may correspond to the so-called "transit time" oscillations first identified by Morizov and colleagues [4] , [7] , and conjectured to be associated with transit time of ions within the acceleration channel. We dismiss this possibility here, because we see that they are excited at relatively low discharge voltage (in the ionization branch of the -characteristic), unlike the broadband oscillations described in [4] , [7] . Furthermore, the frequencies are much lower than the inverse transit time of the ions in the acceleration region of the thruster, which, for our case, is approximately 500 kHz.
A third mode seen in the low discharge voltage dispersion plot in Fig. 9 appears actually as a low-velocity cutoff to the higher frequency longitudinal modes, and is identified on the frame with a line corresponding to an mode. The origin of this clear demarcation is not presently understood, although we suspect that it is associated with an azimuthal asymmetry due to the four equally spaced magnetic solenoids that connect to the front outer pole-piece. The persistence of this demarcation is seen to weaken with increasing voltage, and is nonexistent at the higher discharge voltages studied. This result is consistent with an examination of the axial and azimuthal variation in the mean signal from a single probe, which reflects the spatial variation in mean plasma density, as seen in Fig. 11 for a representative low voltage (86 V) and high voltage (150 V) condition. It is seen that the four-fold asymmetry associated with the solenoid placement is more apparent in the azimuthal variation in the plasma density at lower voltages. The interaction between the axial disturbances and the azimuthal asymmetry is the subject of ongoing research in our laboratory.
A fourth mode which appears at high operating voltages is that of an azimuthal wave, tilted to approximately 20 , and in the frequency range above 20 kHz (see Fig. 9 panel for 172 V condition). High-frequency azimuthal disturbances (extending as far as MHz) have been identified in the past [8] , and have been attributed to drift instabilities of "magnetosonic" waves, excited primarily in the axial region where the magnetic field gradients have negative values (i.e., decreases with increasing distance from the anode). Simple theories have been suggested for the growth rate and the dispersion of these waves [8] based on a multifluid description of the magnetohydrodynamic flow, although a rigorous comparison to experimental measurements has not yet been carried out. While it is tempting to suggest that the disturbances at low frequencies seen here may be the band edge of such drift-instabilities, our results do not support such an assignment, since these azimuthal waves, responsible for the high frequency disturbances shown in Fig. 7 (for the high voltage conditions), are not largely excited in the region of negative magnetic field gradients. In fact, there is a sudden damping of the waves at approximately mm, beyond which there is very little high-frequency activity. This location, which defines the edge of the activity of these disturbances, is about the location of the peak in the magnetic field (see Fig. 2 ). It is also tempting to suggest that the azimuthal disturbances seen at higher discharge voltages may simply be an extension of the low-frequency azimuthal waves seen at lower voltage. However, the azimuthal waves seen at the lower voltages are predominantly excited in regions where the magnetic field gradients are negative, consistent with what has been seen in the literature [4] .
A fifth mode that is apparent at high-voltage conditions is that of an exceptionally strong low-frequency -kHz axial disturbance that is present within the ionization zone. This disturbance, which is associated with very strong overall discharge current fluctuations, is known to interact with the external circuitry driving the discharge [20] . In the literature, this instability has been referred to as the characteristic "breathing" mode [20] , the "circuit" instability [2] , or the "loop" instability [9] . The origin of this instability is now reasonably well understood and its behavior has been captured in many discharge simulations [21] - [23] . The instability is characteristic of a predator-prey behavior in the neutral xenon and xenon ion dynamics, coupled by the ionization process [22] . It is manifested as a disturbance in the balance between the rapid removal of xenon ions within the discharge channel via electrostatic acceleration, and the replenishment of the channel with ions created from the slow-moving neutrals. The characteristic frequency of this instability is expected to be close to the inverse of the residence time of the neutrals within the ionization zone, and has been found to scale appropriately with diminishing discharge scale lengths [24] .
A sixth mode that is identifiable in both frames of Fig. 9 is that of an azimuthal wave, which has a wavelength equal to that of the separation between the two probes, and is believed to be "anchored" by the placement of the probes within the discharge annulus. The mode number of these disturbances is found to track the relative placement of the two probes used to study the intrinsic plasma fluctuations, as shown in Fig. 12 , for exit plane disturbances mm , and a moderate operating voltage (125 V). An intriguing feature of the plots in Fig. 11 is that the placement of the probes also impacts the behavior of the other prominent mode. It is noteworthy that as the mode number corresponding to the separation of the probes diminishes, there seems to be an increased "coupling" of the disturbances, as seen by the tendency of the points on the line to "gravitate" toward the line corresponding to the dispersion of the induced modes. The discovery of this induced perturbation and the coupling of these disturbances to the mode may have applications in the control of thruster oscillations, and, quite possibly, the control of electron transport if strongly correlated azimuthal waves are largely responsible for the anomalous axial electron flow. Fig. 13 gives the dispersion plots obtained for some of the operating conditions of the spectral maps shown in Fig. 7 . A comparison is made between the plots obtained at three axial locations. At an axial location corresponding to the exit plane of the discharge , we see that high discharge voltage operation is dominated by relatively strong high-frequency azimuthal waves (tilted slightly with respect to the azimuthal plane), and low-frequency longitudinal waves, most likely associated with the "breathing" mode ionization instability. At lower voltages, the high-frequency azimuthal waves become apparently more longitudinal in direction, and there is a growth of very strong low-frequency azimuthal waves, associated with the ionization process. For the low voltage case shown, the azimuthal asymmetry associated with the placement and separation of the magnetic solenoids plays a significant role in the wave dynamics only beyond mm, and appears to have a dominating effect on the propagation of the disturbances in this region. A comparison of the dispersion plots at the three locations for the highest operating voltage shown confirms the conclusions that were drawn earlier that the growth and propagation of these higher-frequency azimuthal waves do not depend on the sign of the local gradient in the magnetic field in contradiction to what has been postulated in the literature for azimuthal waves of higher frequency [4] , [7] . On the other hand, a comparison of the dispersion plots for these three axial locations for the lowest operating voltage shown suggests that the low-frequency azimuthal waves indeed are seen to be active most notably in the region where the magnetic field gradients are negative.
V. CONCLUSION
A detailed examination of the propagation behavior of low (2-20 kHz) and intermediate-frequency (20-100 kHz) oscillations in closed-electron drift Hall a discharge is presented. Conditional sampling using two electrostatic probes collecting ion saturation current is used to identify and extract properties of correlated structures associated with the propagation of azimuthal and longitudinal instabilities within the discharge channel. The azimuthal component phase velocities (dispersion plots) for waves constrained to propagate in the Hall current direction are determined for a range of wave frequencies and over characteristic regimes of operation of the discharge. A variety of propagation modes are observed and analyzed, some of which have been documented in the previous literature. In addition to the low-frequency azimuthal "spokes" and the so-called "breathing mode" that is well known to be excited in these discharges, we have identified the appearance longitudinal disturbances (that are prevalent at low discharge voltages) and azimuthal disturbances (at higher discharge voltages) in the 20-100 kHz range that do not seem to have been described previously. Finally, we have seen that the presence of azimuthal nonuniformities due to the location of the magnetic solenoids, and, due to the placement of the diagnostic probes, can couple strongly to the intrinsic natural instabilities. Such methods of coupling to the natural dynamical behavior of these discharges may be useful in the control or enhancement of turbulence, which is known to influence the axial electron transport.
